We show that anthropic selection emerges inevitably in the general framework for prediction in quantum cosmology. There the predictions of anthropic reasoning depend on the prior implied by the universe's quantum state. To illustrate this we compute the probabilities specified by the no-boundary wave function for our observations at the present time of the values of Λ and Q in an inflationary landscape model in which both quantities vary. Within the anthropic range of values the no-boundary state yields an approximately flat distribution on Λ and strongly favors small values of Q. This restores Weinberg's successful prediction of Λ.
I. INTRODUCTION
Probabilities predicted by theory for our observations of the universe must necessarily take into account a description of the observational situation. That description will include any data that locates the observation in spacetime. But it also includes a description of the observers making the observation i.e. a description of us. A simple corollary of this conditioning is that we won't observe what is inconsistent with our existence. That is an example of anthropic reasoning. Probabilities for our observations in cosmology are inevitably anthropic.
Anthropic reasoning potentially explains why the observed value of the cosmological constant Λ is small when compared to natural values set by the Planck scale as was discussed by Barrow and Tipler [1] and by Weinberg [2] . The universe may be filled with regions where Λ is much larger, but we can't live in these. Such large values would not permit galaxies to form. This leads to an anthropic upper bound on the value of Λ in our region.
Anthropic arguments are meaningful in a theoretical framework that specifies both how observed parameters can vary as well as prior probability distributions for their values. The predictions of anthropic reasoning can be sensitive to the underlying theory and can thus help to confirm that theory. The example of the anthropic upper bound on the cosmological constant illustrates this: Weinberg [2] showed that the anthropic bound on Λ agrees well with its observed value in a model in which only Λ varies when a uniform prior probability distribution for it is assumed over the anthropically allowed range. It was pointed out, however, that the agreement with observation becomes worse by several orders of magnitude in theories where the amplitude of the primordial density perturbations Q also varies, assuming a uniform prior probability distribution over both variables [3] [4] [5] [6] [7] [8] . This paper reexamines these predictions from the perspective of quantum cosmology.
Anthropic selection is often viewed as an application of Weak Anthropic Principle [1] that is in addition to a fundamental theory 1 . Hence it is usually implemented by conditioning on a minimal set of features the universe must possess in order for any sort of life to emerge -gravitationally bound structures for instance.
This paper aims first at showing that anthropic selection emerges naturally in the general top-down framework for prediction of our observations in quantum cosmology [10, 11] without the invocation of further principles beyond the basic theory. Second, we show that, in quantum cosmology, anthropic selection is part of a more general framework for selection. For example, anthropic selection for the cosmological constant is not fundamentally different from the top-down selection for classical space-time and inflation that we have already discussed [12, 13] . Third, we show by example that the priors supplied by fundamental theories that specify the universe's quantum state can yield predictions that are different and potentially better than the assumption of a uniform prior expressing ignorance of the fundamental theory.
As an illustration we analyze a successful example of an anthropic prediction in a scalar field theory with a landscape potential that has a large number of minima with different, positive values of the cosmological constant. The minima are surrounded by a range of different inflationary directions that are representative of relatively simple single-field models. The models differ in their predictions for Q, the scalar spectral tilt n s and the tensor to scalar ratio r of the fluctuations, for example. We model the theory of the quantum state of the universe by the semiclassical no-boundary wave function (NBWF) [14] . The NBWF specifies a probability measure on the phase space of classical universes in this landscape that selects inflationary universes [15, 16] . The sum of the probabilities of all universes originating in a given inflationary patch of the landscape implies a relative weighting of the 'models' of inflation contained in the landscape, which then yields a prior over various observables [12, 13] .
All anthropic reasoning concerns probabilities for the observable features of the universe in our Hubble volume. As a specific example we consider the probabilities for a correlation between three pieces of our data, namely Λ, Q and data D loc that describe our nearby universe of galaxies which, in particular, contain data that determine our present age from reheating (say). Correlations are expressed by the joint probability P (Λ, Q, D loc ). This may be expressed as P (Λ, Q, D loc ) = P (D loc |Λ, Q)P N B (Λ, Q).
This is the form used in traditional anthropic reasoning (TAR) 2 . In the traditional terminology the first factor is the 'selection probability'. The probability of observing values of Λ and Q is negligible when the probability of a galaxy like ours described by D loc is negligible. The probability for our local data D loc is plausibly proportional to the fraction of protons f (Λ, Q, t 0 ) that are in the form galaxies by the time t 0 = 11Gyr a few billion years before the present age. Thus we assume
This figure, adapted from [8] , shows the factors affecting the selection probability P (D loc |Λ, Q) as quantified by the fraction f (Λ, Q, t 0 ) of protons in the form of galaxies at a time t 0 = 11Gyr a few billion years before the present age, The displayed curves correspond to f = .4, .5, .6. The selection probability P (D loc |Λ, Q) is approximately uniform in the white interior region of the contours shown and decreases quickly outside them. That defines the anthropically allowed range. The most probable values for Λ and Q are indicated by the * assuming the no-boundary prior and by the • assuming a uniform one. Figure 1 shows the fraction f (Λ, Q, t 0 ) based on the astrophysical calulations of [8] with a sharp cutoff that the pregalactic halos form by t 0 ∼ 10 11 yrs. The white central region defines the anthropically allowed ranges for Λ and Q.
The second factor in (1.1) is called the 'prior' in TAR. The prior in (1.1) is determined by the NBWF. Over the narrow anthropic range allowed for Λ it turns out to be essentially constant. But it has a significant dependence on Q. We show that directions in our model landscape that allow for eternal inflation provide the dominant contrbutions to P N B (Λ, Q) leading to a Q dependence of the form [cf. (6.13)].
for a positive constant and power 0 < α < 2. The NBWF thus strongly favors the smallest value of Q and the largest values of log 10 Λ in the anthropically allowed region of Figure 1 . This is indicated by the red asterisk * .
These predictions are in order of magnitude agreement with observations. In effect, the sharp dependence of the NBWF prior has reduced a two-dimensional problem to a one-dimensional one at the smallest allowed value of Q and restored Weinberg's original successful anthropic argument for Λ [2] .
We can contrast this result with the use of a uniform prior over the anthropically allowed region of Figure 1 such as that employed in [8] to express ignorance of the fundamental theory. The most probable values are indicated by the red asterisk in Figure 1 . These disagree with observation, both for Λ and Q.
The improvement in predictions for Λ and Q that follow from using the NBWF prior is one of the important results of this paper. But it is not the only one. Another result is how anthropic reasoning is implemented within quantum cosmology in terms of probabilities for observations conditioned on a description of the observational situation.
A theory in quantum cosmology is specified by a theory of the quantum state of the universe (Ψ for short) and a theory of its dynamics (I for short). These predict the probabilities for members of the ensemble of entire possible classical histories of the whole universe [15, 16] . The kind of question we have to address is how do we get from these probabilities for histories to the probabilities for observations in our Hubble volume that enter into (1.1)? Indeed, what do we mean by 'our' Hubble volume in a theory that permits classical histories with large or even infinite volumes in which our data will be replicated over and over again in different places? How do we treat ourselves as quantum physical systems within the universe with only a probability to exist in any one Hubble volume? How do we derive (1.3) from (I, Ψ)? It is this kind of question with which most of the rest of the paper is concerned.
This paper is organized as follows: Section II illustrates how anthropic constraints arise automatically in quantum cosmology. A simple, if unrealistic, model landscape is used in which matter driven eternal inflation is prohibited and, as a consequence, all universes are 'small'. The analysis is close to traditional anthropic reasoning. The rest of the paper is mostly devoted to anthropic reasoning in landscape models with regions of eternal inflation which give rise to very large universes. Section III describes the landscape model assumed. Section IV reviews how the NBWF predicts the probabilities of an ensemble of classical histories. Section V reviews the typicality assumptions that are necessary to describe 'us' in very large universes where, as physical systems, we may be replicated in many different places. The important connection is made between first person probabilities for our observations and top-down probabilities conditioned on at least one instance of part of our data. The calculation of these top-down probabilities is developed in Section VI. Eternally inflating histories are selected by these probabilities because there are more places for our data to occur in them than in small universes. Histories starting at the lowest exit from eternal inflation are shown to dominate all others. These results considerably simplify the implementation of anthropic selection which is done in Section VII. The results are given in Section VIII where we show that Weinberg's [2] bounds on Λ are restored by the NBWF even though Q is allowed to scan. Section IX discusses the process of anthropic reasoning in quantum cosmology more generally and its role in testing physical theories. Section X summarizes the argument as a series of selections of which the anthropic one is but one step.
II. ANTHROPIC SELECTION IN SMALL UNIVERSES
This section uses a simplified model to illustrate how anthropic selection emerges automatically in quantum cosmology from the probabilities for our observations that are predicted by a quantum state of the universe. In particular we illustrate how the probabilities relevant for selection are connected to the probabilities for classical histories of the universe arising from (I, Ψ).
Our Data

D
all of our data about the universe on all scales D uloc ultralocal data on planet size scales including a description of us as physical systems observing the universe and excluding any records of observations of quantities whose probability we aim to compute e.g. Λ and Q. D loc local data on the scales of our galaxy and others nearby including those which together with Λ determine a FLRW model and, in particular, the present age. D r A convenient notation for the union of D uloc and D loc . We work in a minisuperspace of homogeneous, isotropic, spatially closed geometries. For the matter we assume a multicomponent scalar field φ moving in a landscape described by a potential V ( φ). The potential has different minima with different values of Λ. These are approached from different directions J that are each approximately one dimensional and separated by steep barriers. Each direction is therefore equivalent to a one dimensional scalar field φ J moving in a potential V J (φ J ) with a minimum characterized by a cosmological constant Λ = V J (0). Landscapes of this kind are discussed in more detail and specificity in Section III. The potentials for different directions J will also differ in other parameters besides Λ. To keep the discussion manageable we will assume that there is only one further parameter that we call µ. The landscape provides a mechanism for Λ and the other parameter to vary (scan).
Most importantly, for this model we will assume that none of the potentials V J allows for scalar field driven eternal inflation. This simplifies the discussion because it means that the constant density spatial slices of the predicted histories will be manageably finite. Thus the ensemble consists of "small universes" only. Such landscapes may have trouble predicting an adequate number of inflationary e-folds for realistic structure formation, but they provide a simple model to illustrate anthropic reasoning. We consider large, eternally inflating universes later in the paper.
As will be described in Section IV, the NBWF in its semiclassical approximation predicts probabilities for the members of an ensemble of classical histories -histories correlated in time by classical dynamical laws. Individual histories are characterized by the direction J they roll down from and by the approximate value of the scalar field φ J 0 from which they start to roll. A particular direction will predict a specific value for the amplitude Q(J, φ J 0 ) which can be found from an analysis of the linear fluctuations away from homogeneity and isotropy. We can use Q instead of µ for specifying J . Thus classical histories can be labeled by (Λ, Q, φ 0 ) (replacing J by the more specific (Λ, Q)). The NBWF supplies probabilities P NB (Λ, Q, φ 0 ) for these four-dimensional histories of spacetime geometry and matter fields.
Probabilities for observation are deduced from probabilities of histories by conditioning on a description of the observational situation described by our data, taking in account its possible locations [17] . We denote by D all of the data we have about the universe, on all scales, at any one time: every record of every experiment, every astronomical observation of distant galaxies, every available description of every leaf, etc., and necessarily every piece of information about ourselves. The choices of coarse graining used to define this information, the level of accessibility demanded, etc., are inevitably subjective but assumed here to be fixed.
Our data D can be divided into a range of scales. On the scales of our planet we have a large amount of very detailed data D uloc that (at a coarse-grained level) describe the telescopes and satellites that make cosmologically relevant observations. But they also describe the surface features of the Earth, its biota, and us, both individually and collectively as physical systems within the universe and a great many other things. These data also include the records of our observations of Λ and Q but we leave these out of D uloc because we aim at predicting probabilities for these quantities as if they were not yet observed.
In addition to data on planet size scales we also have data D loc describing the nearby universe in our Hubble volume 3 . This includes information about stars, our galaxy, and galaxies other than our own. In particular D loc contains data that together with Λ would specify a FLRW model. These include the Hubble constant, the matter density, the temperature of the CMB, etc. The data D loc and Λ determine our time t 0 (D loc , Λ) as measured, say, from reheating.
These three kinds of data will be used throughout the paper not just in this section 4 . They are summarized in the Table. The quantum mechanical probability P g (D uloc ) that D uloc occurs in one galaxy is an extraordinarily small number. It is also well beyond the power of present day physics to compute not least because it involves the probabilities of the chance events of biological evolution. On the plus side, P g (D uloc ) is plausibly independent of Λ and Q -the observables we aim to predict. We will assume in this Section that the histories in the classical ensemble represent universes that are small enough that the probability that there is more than one instance of D uloc is negligible. We are unique physical systems in any history in this model if we exist at all.
We investigate the predictions of the NBWF for anthropic correlations among the observables O ≡ (Λ, Q, D loc ) conditioned on the requirement that the universe contains D uloc in particular that it contains us. That is, we calculate P (Λ, Q, D loc |D uloc ). From the definition of conditional probability and using D r ≡ (D uloc , D loc ) we have:
Thus the probability for correlation is expressed in terms of the NBWF probabilities for histories in the landsape. Since Λ is a condition in (2.1), we know the age and the time of galaxy formation t 0 (D loc , Λ). The time t 0 specifies a spacelike surface Σ(t 0 ) in each history contributing to (2.1). Our Hubble volume is somewhere on this surface. The probability for D r to exist in some Hubble volume on the surface Σ(t 0 ) is the probability P E for it to exist in any one Hubble volume multiplied by the number of Hubble volumes on Σ(t 0 ) which we denote 5 by 3 We try to adhere to the convention that "global" means the whole universe including the parts outside our Hubble volume, "local" means within our Hubble volume, and "ultralocal" means on scales of the planet. 4 Some readers may find it helpful to think of the various levels of data as what was available at various times in the history of physics, 1850, 1900, 1945, etc. However this is open to contention on exactly what was available at these times. 5 If Σ(t 0 ) does not occur in a history we take N h = 0. N h (D loc , φ 0 , Λ, Q). While the probability P E for D r to occur in any Hubble volume clearly depends on Λ and Q it is plausibly independent of φ 0 -the start of slow roll inflation -at least for φ 0 sufficiently large. Assuming this we find
Inserting this in (2.1) we find
Here, P VW NB (Λ, Q) is the volume weighted NBWF prior. Larger volumes are favored because there are more places for D r to be [16] [17] [18] .
We are now in the same position as with (1.1) in the Introduction. The probability P E (D r |Λ, Q) acts as the selection probability and P VW NB (Λ, Q) is the prior. Of course (1.3) doesn't hold because the model doesn't allow for eternal inflation.
This simple model offers a clear illustration how TAR is part of the general framework for prediction in quantum cosmology, and how both selection and prior probabilities arise from the fundamental theory (I, Ψ). But the assumption that all universes in the ensemble are "small" is too restrictive for realistic application. Even simple potentials like
have a regime of eternal inflation. And, as we will see, the resulting large universes will dominate the probabilities for anthropic selection. For large universes, the approximation N h P E 1 that we are unique breaks down. The data D may be replicated many times in a large universe in different Hubble volumes. Different techniques and stronger assumptions are then required to implement anthropic selection. The next sections are devoted to these.
III. A LANDSCAPE MODEL
Motivated both by observation [19, 20] and fundamental theory [21, 22] we consider a landscape model consisting of an ensemble of minima with different, positive values of the cosmological constant Λ. We assume each minimum is surrounded by the same, multidimensional scalar potential exhibiting a range of different potential behaviors in different directions in field space. This includes directions where the slow-roll conditions for inflation are satisfied for a range of field values. We assume that different inflationary directions are separated by steep barriers so that each direction can be described in terms of an effective single-field model.
Our landscape contains a number of families of inflationary potentials that are representative of single-field potentials with only a few free parameters. One class of directions comprises power law potentials of the form
This constitutes a two parameter family of inflationary potentials and a three parameter family of directions labeled by J = (Λ, λ, n).
We also consider directions with plateau-like potentials of the form
which constitute a four parameter family of directions labeled by J = (Λ, V 0 , µ, p). Finally we include a weighting factor g(J) that accounts for the relative frequency with which different potentials occur in the landscape. We will assume however that our landscape has no exponentially strong statistical bias that (dis)favors a particular inflationary potential. In this toy landscape we find ourselves near one of the minima of the potential at the present time. If the field was displaced from the minimum in the past then our universe may have undergone a period of scalar field driven inflation. Our observations will then depend on which direction in field space the early inflationary universe rolled down from. The structure of the landscape alone is not sufficient to predict what we should see. To proceed we must first complete the theory with a model of the quantum state of the universe.
IV. NO-BOUNDARY MEASURE
A quantum state of the universe is specified by a wave function Ψ on the superspace of geometries (h ij (x)) and matter field configurations (φ(x)) on a closed spacelike three-surface Σ. Schematically we write Ψ = Ψ[h ij , φ]. A wave function of the universe Ψ[h ij , φ] does not predict a single universe. Rather it predicts an ensemble of possible classical histories of the universe along with their quantum probabilities.
We adopt the no-boundary wave function (NBWF) [14] as a model of this state. In the semiclassical approximation the NBWF is given by 6 [15]
where
are the real and imaginary parts of the Euclidean action I of a compact regular saddle point solution that matches the real boundary data (h ij , φ) on its only boundary Σ. If S varies rapidly compared to I R the wave function takes a WKB form and predicts the boundary configuration (h ij , φ) evolve as a Lorentzian, classical universe. The ensemble of classical universes predicted by the NBWF is of particular interested in cosmology, since classical spacetime is a prerequisite for cosmology as we know it. Our existence selects the quasi classical realm of the wave function of the universe 8 . In our model landscape the NBWF predicts an ensemble of classical Friedman-Lemaître-Robertson-Walker (FLRW) backgrounds with Gaussian perturbations [28] . The NBWF has the striking property that it predicts only FLRW backgrounds which undergo some amount of matter driven, slow-roll inflation [15, 16] . Intuitively this is because only universes with 6 We use Planck units whereh = c = 8πG = 1. 7 The NBWF was originally defined [14] as a path integral over a complex contour of four-geometries and matter field configurations [23] . Its semiclassical approximation is then given by the saddle points that contribute to the steepest descents distortion of this contour. As shown in [24] different contours could in principle give different semiclassical approximations. Here we restrict to the wide class of NBWF contours in which the dominant saddle point of the action supplies the leading semiclassical approximation. That is consistent, indeed mandated, by the holographic definition of the semiclassical NBWF [25, 26] . 8 The NBWF in principle predicts the probabilities of other sets of alternative coarse-grained historiesother realms -besides the quasiclassical ones that are the exclusive focus of this paper. (See e.g. [27] .) This focus is appropriate for two reasons. First, we as physical systems within the universe are part of its quasiclassical realm -described in terms of quasiclassical variables. Second, the variables of concern -the cosmological constant, the CMB fluctuations, and the age -are all measured by the classical behavior of the universe. One could imagine anthropic probabilities for highly non-classical variables but we are not concerned with these in this paper.
sufficiently small gradients at early times can be smoothly glued onto regular saddle points. Hence the NBWF populates the landscape in a very specific manner: it selects the landscape patches where the conditions for inflation hold [12] .
The model landscape we consider has only single-field inflationary directions. In each of these the NBWF selects a one-parameter set of inflationary backgrounds, which can be labeled by the direction J of the landscape it rolls down from and by the absolute value φ In our landscape model, saddle points with V < at the SP give rise to an ensemble of nearly homogeneous inflationary universes with small fluctuations. By contrast, saddle points starting in eternal inflation regions of the landscape where V > predict high amplitudes for significantly inhomogeneous universes that have large (very) long-wavelength perturbations on the scales associated with eternal inflation. This is because in eternal inflation, the typical size ∆ ζ J of perturbations on the horizon scale is comparable or larger than the background field motion in a Hubble time. As a consequence the perturbations have a large effect on the structure of the universe on those scales.
V. TYPICALITY
This section begins the discussion of anthropic selection in the NBWF when the landscape implies eternally inflating geometries in the ensemble of possible classical histories of the universe. As discussed in Section IV, in an eternally inflating history, the geometry of constant density surfaces can become large (or even infinite) and significantly inhomogeneous. We are therefore no longer in the small universe, nearly homogeneous, case of Section The data D r = (D uloc , D loc ) of course are exactly the same. The goal of making anthropic selections based on NBWF probabilities for correlations among the observables (Λ, Q, D loc ) is unchanged. What has to change is the nature of the conditioning on D uloc describing the main part of the observational situation because it can no longer be assumed to be rare in eternally inflating histories.
When we discussed small universes in Section II we assumed that there was no more than one instance of D uloc in any history. In particular we assumed that N h P E 1. But this inequality will not be satisfied in the very large N h universes that arise from eternal inflation. Rather, there will be a significant probability that the data D uloc will occur (be replicated) in many different locations in each history. Indeed, in an infinite universe the probability is unity for any finite number of instances of D uloc .
As human observers on the planet Earth 10 we are one instance of D uloc in one history. Words such as 'we', 'our', and 'us' refer to this particular physical subsystem. Probabilistic predictions for correlations in our data, for the outcomes of our future observations based on it, etc are called 'first-person probabilities'. As already mentioned in the Introduction, probabilities for anthropic reasoning are first-person. How are our observations restricted by the requirement that we can exist?
The theory T = (I, Ψ) does not predict first-person probabilities directly. Rather it predicts the probabilities for the members of an ensemble of four-dimensional classical histories of the universe. These are called third-person probabilities
11 . An individual history may contain the data D uloc at one or more locations. After all, D uloc are just a very special kind of fluctuation with only a probability to occur in any one Hubble volume, and, in a large universe, a significant probability to occur in many. We are one of these instances, but the theory T does not specify which one. A further assumption is therefore needed to connect the third-person probabilities supplied by T with the first-person probabilities needed e.g. for anthropic reasoning. Its specification should be regarded as part of the theoretical framework for prediction [31] , testable like any other 12 . The simplest assumption, and the one we shall make here, is that we are not Boltzmann brains and that we are equally likely to be any of the other incidences of D uloc that occur in a history. Put differently we assume that what we observe is typical of what is observed by the other incidences.
All we know is that our universe exhibits at least one instance of D uloc (D
≥1
uloc for short) -our instance. The first-person probability P (1p) for observables O (which are (Λ, Q, D loc ) in our case) is thus given by the sum over the third-person probabilities for histories with these observables conditioned on the requirement that each history contain at least one instance 10 A little more concretely the system could be taken to be the human scientific IGUS, that is the information gathering and utilizing system [30] constituted by the human beings on the planet Earth engaged in the scientific enterprise. 11 Some readers may be helped by thinking about third-person probabilities as ones that could be verified by a hypothetical observer somehow outside the universe and outside of time that could observe an entire classical history. This risks confusion because there are no such observers and the quantum mechanics of closed systems does not require them. 12 This assumption should not be confused with the measure which is supplied by the quantum state.
of D uloc .
The right hand side is a familiar top-down probability [10] for O which can be calculated once a relation between 'us' and instances of D uloc has been assumed 13 .
VI. TOP-DOWN PROBABILITIES
Top-down probabilities are conditional probabilities relevant for the prediction of our observations [10] . Eq. (5.1) is an example. The top-down requirement in (5.1) that at least one instance of D uloc exist is a global condition. It selects from among the ensemble of possible classical histories ones in which D uloc occurs at least once, somewhere, sometime. In this section we show that the top-down selection favors the eternally inflating histories in the ensemble where the universe becomes spatially very large. We use this result to simplify the calculation of the resulting probability p (1p) (O) for the observables O = (Λ, Q, D loc ) that will be used for anthropic selection in the next section.
The starting point to evaluate top-down probabilities are the 'bottom-up' probabilities (4.2) of the individual universes in the ensemble. In our model landscape the general form of top-down probabilities P (O|D ≥1 uloc ) is given by P (O|D 0 ) for scalar perturbations. The first factor can also be calculated from the NBWF by expressing O in terms of the variables φ J 0 and ζ J characterizing the histories. This factor leads to anthropic selection when O describes correlations involving observables referring to us and will be discussed in Section VII below.
The second factor in (6.1) is the 'top-down' (TD) weighting. The TD requirement that at least one instance of D uloc exists somewhere is trivial in histories in the ensemble that are sufficiently large. After all, in an infinite universe anything occurs somewhere sometime with probability 1. In universes that are small however the probability
exists is exceedingly small for realistic D uloc as discussed in Section II. We have argued [17] this is the case in saddle point histories that start below the threshold of eternal inflation, which predict high amplitudes for nearly homogeneous universes only, with N h ∝ e 3N . In those universes the conditioning on O = (Λ, Q, D loc ) in the TD factor means that D uloc occurs on a spacelike surface Σ of approximately constant time t 0 (D loc , Λ). The data D uloc occur 13 Although D uloc is the major part of D r = (D uloc , D loc ) the reader might wonder why we don't condition on D ≥1 r which is a slightly less informative typicality assumption as we could do in the small universe case. The answer is that in an infinite universe the probability that there is at least one instance of any part of our data is unity. Conditioning on that data therefore does not select among different infinite universes that emerged from directions with different values of Λ and Q. To have selection for Λ and Q it is best to use that part of our data that is independent of them to specify the observational situation. That's D uloc . That preserves the part of D r that depends on Λ and Q for use in selection. This kind of choice is common in science and discussed more generally in Section IX.
only with a small probability P E in any of the N h (φ J 0 , ζ J ) Hubble volumes on this surface Σ.
Hence in universes with
By contrast, saddle points with a regime of eternal inflation predict high amplitudes for configurations that have large perturbations on scales associated with eternal inflation [12] . As a consequence the volume of constant density surfaces in such universes is generally exceedingly large or even infinite so that
We will assume, however, that even though eternally inflating histories are globally inhomogeneous, the local properties are statistically the same in every Hubble volume in each individual history. That means that the observed values of (Λ, Q) are the same in each Hubble volume, and that the statistical properties of the fluctuations on sub-Hubble-volume scales are the same in each Hubble volume 14 . In particular, the probability that D uloc occurs in a Hubble volume is the same in all of them. This leads to the following accurate approximation of the TD weighting in directions with a regime of eternal inflation, points in regions of eternal inflation, simply because there are more possible locations of our past light cone on the resulting surfaces Σ of constant density.
In landscape directions where the potential has a regime of eternal inflation the low noboundary probability of histories starting above the threshold for eternal inflation is more than compensated for by the TD weighting [12, 13] . In particular in eternal inflation directions the distribution P T D P N B over backgrounds is sharply peaked around φ EI . This means that the relative weighting of landscape regions of eternal inflation in (6.3) is specified by the potential near the eternal inflation threshold in different directions. Further, landscape directions without a regime of eternal inflation are strongly suppressed relative to directions with eternal inflation because P T D (φ 
where J EI labels the directions with eternal inflation. Since the TD weighting (6.2) is universal it is plausible that regions of eternal inflation dominate the probabilities for observations in a large class of landscape models, including models with false vacua directions and multi-field patches. Eq. (6.4) applies to all observables O that do not explicitly depend on the perturbation variables ζ. Since we will be interested in the probabilities for Λ and Q below it is useful to rewrite P N B in terms of those variables.
We first deal with directions in which the potential takes a power law form V (φ) = Λ + λφ n . Here inflation can occur for φ 1 and ends when the slow-roll conditions break down at φ e ≈ n/ √ 2. In each power law direction the NBWF predicts a one-parameter family of inflationary backgrounds which can be labeled by φ 0 ≥ φ 0c where φ 0 is the absolute value of φ at the SP of the saddle point and the lower bound φ 0c ∼ O(n). The number of efolds is given by N ≈ φ 2 0 /2n. The eternal inflation threshold where V ∼ is given by 5) and hence
One of the parameters in power law potentials can be traded for the observable Q. For power law potentials of the form (3.1)
where N * is the number of inflationary efolds between reheating and when the COBE scale left the horizon -a number of order 50. Substituting (6.7) in (6.6) gives the NBWF prior P N B (φ J EI ) in (6.4) in power law directions of eternal inflation labeled by J EI = (Λ, Q, n),
The analysis is similar for the plateau-like directions in our model landscape with
These constitute a four parameter family of directions labeled by J = (Λ, V 0 , µ, p). The threshold for eternal inflation occurs at
and V (φ EI ) ≈ V 0 . In terms of the potential parameters we have
and
Trading V 0 for Q in the NBWF prior then yields We proceed in the next section with a restricted two-parameter set of plateau directions 18 with fixed p and µ but with varying Q and Λ. The top-down probabilities in this simplified landscape take the form
with c a constant.
VII. ANTHROPIC SELECTION IN LARGE UNIVERSES
This section applies the general result (6.14) for the first person, top-down probabilities predicted by the NBWF to a discussion of the correlations predicted among the observables O = (Λ, Q, D loc ) in our Hubble volume. These correlations contain those examined by Weinberg [2] and others [3] [4] [5] [6] [7] [8] assuming uniform priors. Here we are inevitably led to the 17 An exponential prior on Q was previously discussed in [6] . 18 It turns out our results don't depend much on the precise values adopted for p and µ. prior supplied by the universe's quantum state. The consequences are illustrated here by the example of the no-boundary quantum state (6.13).
For the observables (Λ, Q, D loc ) equation (6.14) becomes
Thus we have derived from the theory (I, Ψ) the starting point (1.1) for the short summary of the derivation of anthropic bounds given in the Introduction. This section follows that outline but with more care and greater detail. Using the TAR terminology, P (D loc |Λ, Q) is the selection probability and P N B ((Λ, Q) is the prior. Both of these have a well defined quantum mechanical origin in the fundamental theory and neither is an expression of ignorance as in TAR. Further, the correlation calculated is more general than usually studied in TAR. This is because D loc includes data that are not crucial for life or for our existence -the time t 0 for instance. Rather these probabilities are 'anthropic' in a more general sense: They refer to our data in our Hubble volume. This is discussed in a more general context in Section IX.
The probabilities P (D loc |Λ, Q) will be proportional to the number of habitable galaxies that have formed in our Hubble volume by t 0 . In principle this number can be calculated from the Gaussian NBWF probabilities of the quantum fluctuations ζ. Here we approximate this by the expected number of galaxies for given values (Q, Λ), which follows from the classical equations of motion. This approximation connects our analysis to classical discussions of anthropic selection in particular those in [8] . We include our data on the age of galaxy formation t 0 in a similar manner by requiring that t 0 is greater than the classical collapse time t C (Λ, Q) of a typical fluctuation. This leads to the following expression for P (D loc |Λ, Q) characteristic of anthropic selection [cf. (7. 2)],
Here, θ(x) is the step function, f (Λ, Q, t 0 ) is the fraction of protons in our Hubble volume in the form of galaxies by the time t 0 , and P g (D loc ) is the probability that any one galaxy has the specific features of ours contained in the data D loc . This is plausibly independent of Λ and Q and, like P g (D uloc ) in Section II, will not appear in the final probabilities. A contour plot of f (Λ, Q, t 0 ) for t 0 ∼ 11 Gyr, a few billion years before the present age, is shown in Figure 2 , calculated along the lines of [8] . The fraction involves the combination Λ/Q 3 . This gives rise to the dotted line with slope 3 in Fig 2. For combinations (Λ, Q) to the right of this line the universe expands too quickly for galaxy-sized, gravitationally bound systems to form. For Q ≥ 10 −3 halos consist mostly of massive black holes, whereas for Q ≤ 10 −5 galaxies will not have formed by t 0 [32] . In both regimes the fraction f of matter in habitable galaxies is essentially negligible.
The fraction f is also a function of time. For times much before the collapse time t C (Λ, Q) the fraction f (Λ, Q, t) of protons in galaxies is very small. For times that are greater than t C (Λ, Q) the fraction approaches an asymptotic value. The sharp constraint on the the time of galaxy formation t 0 represented by the step function in (7.2) can thus be approximately implemented 19 by a sharp constraint that the fraction f be above some value f C by t 0 .
FIG. 2:
The Λ-Q plane. This figure, adapted from [8] (the same as Figure 1) shows the various factors affecting the calculation of the selection probability P (D loc |Λ, Q) that is the basis for anthropic selection. The region that allows for gravitationally collapsed bodies at some time is to the left of the diagonal dotted line assuming the presently observed matter density. The contours trace constant values of the fraction f (Λ, Q, t 0 ) of protons in the form of galaxies at a time t 0 ∼ 11 Gyr a few billion years before the present age, as calculated from formulae in [8] . The displayed curves correspond to f = .4, .5, .6. The selection probability P (D loc |Λ, Q) is approximately uniform in the interior of the contours shown and decreases quickly outside them. The most probable values for Λ and Q are indicated by the * assuming the no-boundary prior (6.13). These coincide with the observed values. The correlation thus supports the theory that led to it. The most probable values for a uniform prior in Q and Λ are at the largest value of log Λ in the allowed range and indicated by the •. These are not close to the observed values.
It is instructive to compare the large universe result in (7.1) and (7.2) with the small universe result in (2.3). In the latter selection was by D r = (D uloc , D loc ). Here it is only by D loc . This a significant difference in amount of data. But it is not a great difference in selective power because the probabilities for D uloc do not depend on Λ and Q. Whatever data is used to specify the observational situation in large universes will not be available for selection because it occurs with unit probability somewhere in an infinite universe. By describing our observational situation only in terms of ultra local data D uloc we have preserved contain stars); a minimum ρ vir is required for stars to form. Halos that form later in a given history have a lower density ρ vir . Within the anthropically allowed range for Λ an upper bound on the collapse time t C is approximately equivalent to the requirement of a lower bound on ρ vir .
FIG. 3:
Probability densities for log 10 (Λ) . The first curve shows the distribution of log 10 (Λ) resulting from marginalizing the probability (7.1) over Q with the NBWF prior. The peak of the distribution is at Λ ∼ O(10 −123 ) which in order of magnitude is the observed value. The second curve shows the same distribution with a uniform prior replacing the NBWF. The peak is a few orders of magnitude above the observed value.
the maximum data for anthropic selection in (7.1) and (7.2).
VIII. ANTHROPIC PREDICTIONS FOR Λ
We now show that the NBWF predicts a tight correlation between Λ, Q and D loc in our model. This correlation can be expressed in terms of the joint probabilities (7.1).
The probability for the data D loc is negligible outside the small region in the (Λ, Q)-plane where the fraction of matter in galaxies by the present age is significant. Within the selected region P (D loc |Λ, Q) varies only slowly. But the NBWF prior (6.13) exponentially favors the smallest allowed value of Q within this region. The product (7.1) is therefore strongly peaked at Q ∼ O(10 −5 ) because of this exponential behavior and the sharp age cutoff in (7.2). The NBWF prior has thus effectively transformed the two parameter problem into a problem for the one remaining parameter Λ. The NBWF prior in (6.13) is very close to uniform over the tiny allowed range for Λ from 0 to ∼ 10 −123 . In effect we have recovered Weinberg's original setup [2] in which Q was fixed to its observed value and Λ allowed to vary with a uniform distribution over Λ.
Since we are only interested in the order of magnitude of Λ it is natural to recast this uniform distribution in terms of log 10 Λ. The resulting distribution is shown in the first graph in Figure 3 . With Weinberg we can conclude that it is likely that Λ is within one or two orders of the upper limit of the range Λ ∼ O(10 −122 ). That is close to the observed value of ∼ 10 −123 . Thus we predict with significant probability a correlation between the observed values of Λ, Q, and the data D loc at the present age.
Were the no-boundary prior P N B (Q, Λ) replaced by the uniform prior commonly used in anthropic arguments the results would be different. As the second graph in Figure 3 shows, the largest probability in the allowed region would occur at Λ ∼ O(10 −119 ) [5, 8] . The correlation that emerged using the NBWF prior would not predicted.
The NBWF prior predicts a correlation that agrees roughly with observation and the uniform prior does not. However our model is too simple to infer that this will generally be the case. The important point is that the results are different. We discuss what this means in the next section.
IX. TESTING THEORY IN QUANTUM COSMOLOGY
Theories are tested, supported, and falsified by comparing their predictions with observation. What is important for this are not the bottom-up probabilities for entire classical histories that follow directly from (I, Ψ). Rather what is important are the top-down probabilities for local observables conditioned on a description of the observational situation and coarse grained over what is not observed. These have been the focus of this paper.
An objective program for supporting a theory in cosmology is to search among all possible top-down correlations in our total data D on all scales (including the results of observations) for ones that are predicted by (I, Ψ) with significant probability and are sensitive to the theory's details. The observables participating in the correlation must be selected to this end. Not every correlation will test the theory 20 . But we posit no list of correlations that must have significant probability for a successful theory 21 . We search through all. We reject for example the idea that the fundamental laws of physics (I, Ψ) must be such as to make human observers probable or typical of anything [33] .
The successful prediction of a correlation between Λ, Q, and D loc discussed in this paper is an example of one that supports the NBWF as a theory of the universe's quantum state. This result, as well as related studies of correlations involving CMB fluctuation observables [13] , suggest different theories of the quantum state can to some extent be observationally distinguished and thereby tested. On the other hand we have no evidence that the NBWF is the unique state exhibiting this correlation 22 . Other theories of the state may do just as well, or be supported by successful predictions of other correlations.
In this section we argue why this particular correlation predicted by the NBWF was fruitful by discussing two examples of what would happen if some of these observables had been left out.
Leaving out the Observer
The first example concerns D uloc describing us and our observational situation as physical systems within the universe. It is striking that the details of this data turned out to be unimportant for exhibiting the correlation. But it was nevertheless crucial for the result to take in account the observational situation. A common intuition is that small systems like us have a negligible influence on the evolution of the universe and can be safely ignored in cosmology. That is true for the evolution of each classical history individually. It is also true for the bottom-up probabilities for the ensemble of classical histories that follow from (I, Ψ). But it is not the case for the (top-down) probabilities for the results of our observations [10] . The latter are necessarily conditioned on a description of the observational situation. As discussed in Section VI this generally has a large effect on the results. We have seen that the top-down probabilities conditioned on at least one instance of D uloc favor the large universes generated by eternal inflation because they have more places for D uloc to occur. The systems described by D uloc are indeed small but they have a big effect on the predictions of the theory for observation in a large universe precisely because the probabilities for them are so small. 20 For example, correlations between a record of an observation and the observed value. 21 The process of making predictions of future observations can be handled by augmenting D by their possible results. 22 Holography provides some theoretical support for a unique wave function of the universe [25] .
FIG. 4:
The Λ-Q plane when observations of the age are not taken into account. If galaxies are not required to form by the present age then the anthropically allowed region in which galaxies of stars can form some time extends to smaller values of Q than it does in Figure 2 with an age constraint.
The figure shows the allowed region as discussed in the text. The * locates the observed values of Λ and Q.
They are crucial to selection.
Leaving Out the Time t 0
An example related to the discussion in Section VII concerns the time t 0 . Suppose we had calculated the joint probability describing a correlation between Λ, Q, and a more restricted set of local dataD loc that do not include a specification of the age, for instance by not including the Hubble constant. After all, t 0 is not a traditional anthropic variable because it need not take a particular value for life to exist. But quantum cosmology is not restricted to a set of traditional anthropic variables. Rather it predicts probability distributions for any set of cosmological alternatives. Life is just another kind of physical system within the universe.
To examine whether the NBWF predicts a correlation between the observed values of Λ and Q and the observation thatD loc exists some time one must evaluate the joint probability (7.1), where P (D loc |Λ, Q) is again of the form (7.2) but now with the fraction f replaced by its asymptotic value and without the step function in time. Figure 4 shows the region in the Λ − Q plane where the probabilities P (D loc |Λ, Q) are significant. The lower bound on Q is no longer set by the time t 0 as in Figure 2 , but by the requirement that there be sufficient radiative cooling of collapsed halos for stars to form [8] .
The NBWF prior (6.13) favors the smallest Q in the region selected by P (D loc |Λ, Q) which is Q ∼ 10 −6 . In those universes galaxies typically form at a time later than t 0 from the collapse of perturbations which have an initial amplitude Q smaller than the observed value. The NBWF prior assigns much lower probability to a correlation between the observed values of Λ, Q and the existence ofD loc some time, than it does to the correlation between Λ, Q and D loc that includes a specification of the present age and the time of galaxy formation t 0 . Does this mean that the theory has failed in its predictive power? No, because in quantum cosmology we expect only some correlations to be predicted with significant probabilities. We have to search to find these, and the comparison of these two correlations is an example of this search.
As can be seen from Figure 4 the NBWF prior assigns a significant probability to a correlation betweenD loc existing some time and the values Q ∼ 10 −6 , Λ ∼ 10 −127 both not what we observe. Does this falsify the theory? No, because a piece of known data that significantly affects the results has been neglected in the calculation -the time t 0 . It would be like an experiment determining the value of some constant failing to correct for some known effect that significantly affects the result. Data that we have should not be left out unless it can be demonstrated that they do not affect the result. Indeed, if we had neglected the formation of stars in addition to the age, Q would have been pushed down to O(10 −10 ).
X. SUMMARY -A SERIES OF SELECTIONS
In this paper we used a toy model of a final theory to calculate the probability for a correlation between three pieces of our data about the universe acquired by both large and small scale observations. The three pieces were the cosmological constant Λ, the parameter Q summarizing the size of fluctuations in the CMB, and data D loc describing our nearby universe of galaxies including data that determine our present time from reheating. The toy model assumed dynamics described by a multi-dimensional scalar field potential defining a landscape consisting of different minima that can be approached from different one-dimensional directions in field space. The semiclassical NBWF was assumed as the model of the universe's quantum state.
The quantum state predicts a multiverse that includes an ensemble of classical histories of the universe along with their quantum probabilities. The probability that we will observe a particular value of Λ and Q involves the probability that our past history rolled down to a minimum characterized by Λ in a direction characterized by Q. This paper's calculation of this probability can be conveniently summarized as a series of selections of histories in the multiverse -either made by us in deciding what to calculate, or by probabilities that favor one range of parameters over another.
• Selection for Classical Histories: We assume our data are part of a quasiclassical realm of the wave function of the universe described by an ensemble of alternative histories with high probabilities from the theory for classical deterministic evolution 23 . Patches of the landscape that do not contribute to the classical ensemble of universes are therefore excluded by assumption. In the context of the NBWF the existence of classical space-time selects those patches of the landscape where the slow-roll conditions for inflation hold.
• Selection for Eternal Inflation: Probabilities for observation are necessarily conditioned on the existence of at least one instance of some part of our data somewhere in the universe. As discussed in Section VI this selects the very large histories with a regime of eternal inflation.
• Selection for the Lowest Exit from Eternal Inflation: The NBWF prior favors eternally inflating universes emerging in landscape regions where the threshold for eternal inflation V = lies at a low value of the potential. The structure of the landscape beyond the eternal inflation threshold is irrelevant for our observations in the NBWF.
• Anthropic Selection: We won't observe parameters characterizing histories or regions of histories for which there is a negligible probability that we exist. Joint probabilities for local observables that include us therefore select histories and landscape regions where the probability that we exist is significant.
• Non-anthropic Selection: As always in a top-down analysis, the selected histories of the universe depend on the precise question asked [10] . When a correlation involves non-anthropic observables as well as anthropic ones the probabilities for the whole set acts as a selection mechanism on the landscape. The present calculation is an example with the the galaxy formation time t 0 being non-anthropic.
The result of the calculation was that Weinberg's argument for Λ was effectively restored even though Q varies in the landscape. The model yielded specific values for Λ and Q that were in order of magnitude consistent with those observed. However, this crude agreement with observation is not our main result. The model is too simple for that. Rather we have two main conceptual results. First, anthropic selection is naturally and inevitably a part of quantum cosmology if we are interested in predictions for observations by physical systems within the universe. Second, the probabilities for anthropic selection are not determined by some assumed prior reflecting ignorance of the final theory, but rather by the quantum state of the universe that is part of the specification of the final theory.
Anthropic selection is thus not some special process that is separate from the final theory whose employment or not is to be debated. In our analysis it is but one of a series of selections described above. It is an inevitable part of the calculation of quantum mechanical probabilities for the predictions of our observations when the fact that observers are physical systems within the universe is taken in account.
